Quasi-periodic oscillations (QPOs) with frequencies from ∼ 0.05-30 Hz are a common feature in the X-ray emission of accreting black hole binaries. As the QPOs originate from the innermost accretion flow, they provide the opportunity to probe the behaviour of matter in extreme gravity. In this paper, we present a systematic analysis of the inclination dependence of phase lags associated with both Type-B and Type-C QPOs in a sample of 15 Galactic black hole binaries. We find that the phase lag at the Type-C QPO frequency strongly depends on inclination, both in evolution with QPO frequency and sign. Although we find that the Type-B QPO soft lags are associated with high inclination sources, the source sample is too small to confirm this as a significant inclination dependence. These results are consistent with a geometrical origin of Type-C QPOs and a different origin for Type-B and Type-C QPOs. We discuss the possibility that the phase lags originate from a pivoting spectral power law during each QPO cycle, while the inclination dependence arises from differences in dominant relativistic effects. We also search for energy dependences in the Type-C QPO frequency. We confirm this effect in the three known sources (GRS 1915+105, H1743-322 and XTE J1550-564) and newly detect it in XTE J1859+226. Lastly, our results indicate that the unknown inclination sources XTE J1859+226 and MAXI J1543-564 are most consistent with a high inclination.
INTRODUCTION
Black hole X-ray binary (BHXRB) systems in outburst regularly show quasi-periodic oscillations (QPOs) in their X-ray flux across a wide range of frequencies: finite-width peaks in their power spectra on top of broad band noise (BBN) (see e.g. Van der Klis 2006) . BHXRBs show a large variety of QPOs, from Low-Frequency (LF) QPOs with a frequency up to ∼ 30 Hz to High-Frequency (HF) QPOs with frequencies up to a few hundred Hz. Based on differences in, for instance, power spectral properties (such as centroid frequency, width and amplitude) and phase lag behaviour, LFQPOs can be classified into three categories: type-A, B and C (Wijnands et al. 1999; Casella et al. 2005) . As type-B and type-C LFQPOs possess different properties, and have been observed simultanously in GRO J1655-40 (Motta et al. 2012) , they are expected to originate from a different phys-E-mail: a.j.vandeneijnden@uva.nl ical process. Type-A QPOs are rarely observed, and poorly understood. HFQPOs are less prevalent than LFQPOs ; in this paper, we consider only LFQPOs and will hence denote them simply as QPOs.
Despite various models, no definitive consensus about the origin of QPOs has been reached. This origin could either be geometric, where for instance Lense-Thirring precession of the inner accretrion flow causes the observed oscillations in the X-ray flux (Stella & Vietri 1997; Stella et al. 1999; Miller & Homan 2005; Ingram et al. 2009 ), or intrinsic, where the X-ray luminosity itself is intrinsically varying. The latter could for example result from accretion rate fluctuations (Tagger & Pellat 1999; Cabanac et al. 2010) or standing shocks in the accretion flow (Chakrabarti & Molteni 1993) . A promising method to distinguish between these possible models is to search for relations between QPO properties and binary orbit inclination: Schnittman et al. (2006) show that such dependencies would favor a geometric origin .
(2015) have reported such an inclination dependence of QPO properties, using two completely different approaches. Motta et al. (2015) find that the type-C QPO shows a systematically larger absolute variability amplitude in edge-on sources, consistent with Lense-Thirring precession as its origin. The type-B QPO displays the opposite effect, having a systematically larger absolute amplitude in face-on sources, which is most consistent with an origin related to the jet. These results also support the hypothesis that these types of QPOs arise from different, but both geometric, mechanisms. Due to a small number of observations, no inclination dependence of Type-A QPOs has been detected. Secondly, Heil et al. (2015) show that the influence of the QPO on the BHXRB's power-colour properties is inclination dependent, implying that also the relative QPO amplitude compared to the BBN depends on inclination.
Other evidence in support of a geometric QPO origin has also been reported recently. Using phase-resolved spectroscopy of the Type-C QPO in GRS 1915+105, Ingram & Van der Klis (2015) detect a modulation of the reflected iron line equivalent width, consistent with a Lense-Thirring precession model and similar earlier findings by Miller & Homan (2005) . More recently, Ingram et al. (2016) also detect a modulation of the iron line centroid energy in H1743-322 using the same method. Moreover, we found that the phase lag between the hard and soft band at the Type-C QPO frequency in GRS 1915+105 systematically evolves on timescales of a few seconds (Van den Eijnden et al. 2016 ). This can be interpreted as the result of differential precession of the inner accretion flow (Van den Eijnden et al. 2016) . Furthermore, Stevens & Uttley (2016) apply phaseresolved spectroscopy on the Type-B QPO in GX 339-4 and report quasi-periodic variation in the blackbody and powerlaw spectral components. This is interpreted as evidence for a jet-base origin of the Type-B QPO. Finally, Homan et al. (2015) show that the QPO in the neutron-star X-ray binary EXO 0748-676 can be explained by the precession of a misaligned inner accretion flow. Given this existing observational evidence for a geometric QPO origin for both Type-B and Type-C, we can expect to find more inclination dependent QPO properties.
Since different regions in the accretion flow dominate different parts of the observed BHXRB X-ray spectrum (Done et al. 2007) , the inclination dependence of energydependent QPO properties could provide new insights into the origin of type-B and type-C QPOs. One such property is the phase lag at different Fourier frequencies, in particular the QPO fundamental and (sub)harmonic, or frequencies dominated by the BBN. The different types of QPOs are known to show different phase lag behaviour at the QPO fundamental and (sub)harmonic (Casella et al. 2005; Pahari et al. 2013) . Furthermore, the relation between QPO frequency and QPO phase lag differs between sources (see e.g. Figure 4 in Remillard et al. 2002 and Figure 3 in Reig et al. 2000 ) -most noteworthy is the apparently log-linear dependence of QPO phase lags on QPO frequency in GRS 1915+105 (Reig et al. 2000; Qu et al. 2010; Pahari et al. 2013) . These known results make phase lags an interesting QPO property to compare between sources of different inclination.
In addition, it is also interesting to consider the inclination dependence of differences in the Type-C QPO centroid frequency in different energy bands. Such frequency differences have been reported in GRS 1915+105 (Qu et al. 2010; Yan et al. 2012) , XTE J1550-564 (Li et al. 2013a ) and H1743-322 (Li et al. 2013b) . Van den Eijnden et al. (2016) found that the observed differences in QPO centroid frequency in GRS 1915+105 correspond to a systematic evolution of phase lags while the QPO decoheres on timescales of seconds. This is interpreted as a possible signature of differential Lense-Thirring precession in the inner accretion flow. As this interpretation proposes a geometric toy model, we also investigate the inclination dependence of the observed frequency differences in this paper.
In this paper, we present a systematic, modelindependent analysis of the inclination dependence of phase lags using archival RXTE observations of fifteen BHXRBs. We determine these phase lags at various Fourier frequencies: the QPO fundamental, (sub)harmonics, and a range dominated by the broad band noise (BBN). We also measure the difference in Type-C QPO frequency between energy bands for all sources and investigate the inclination dependence of this frequency difference. We find that the phase lags show a clear dependence on inclination for the type-C QPO fundamental and BBN. Furthermore, we find significant QPO frequency differences in four sources, none of which are consistent with a low inclination. Lastly, our results indicate that XTE J1859+226 and MAXI J1543-564, both sources of undetermined inclination, are consistent with a high inclination. This paper is structured as follows: in Section 2, we present the source sample, the set of analysed RXTE observations, and our analysis method. In Section 3, we present our results on both phase lags and frequency differences, which are subsequently discussed in Section 4. Finally, we present our conclusions and future outlook in Section 5.
SAMPLE AND DATA ANALYSIS
To compare QPO and BBN phase lag properties between black hole binaries of different inclinations, we analyse archival RXTE observations of 15 Galactic BHXRBs: the fourteen sources analysed in Motta et al. (2015) and GRS 1915+105. For all sources except GRS 1915+105, we analyse a selection of observations based on the samples in Motta et al. (2015) , Casella et al. (2004) and Shaposhnikov & Titarchuk (2009) . We apply the same classification of sources into high (more edge-on binary orbit), low (more face-on binary orbit) and undetermined inclination, and of QPO observations into type-B and type-C, as Motta et al. (2015) . The sample includes all sources analysed by Heil et al. (2015) except for XTE J1118+480, GS 1354-64 and XTE J1720-318, since as these sources were not analysed by Motta et al. (2015) , no extensive overview of QPO observations is available. The classification of inclinations as low or high is consistent between Motta et al. (2015) and Heil et al. (2015) , except for XTE J1817-330: this source is treated as low inclination in the former, but as undetermined in the latter.
As stated, we adopt the inclination classifications as applied in Motta et al. (2015) . For ten sources, a direct inclination estimate or an upper/lower limit on inclination is available. References for these estimates are listed in Table 1 . Besides direct estimates, the inclination classification is mostly based on the presence of lightcurve dips, observed in all sources identified as high inclination except GRS 1915+105. Additional constraints are provided by the source's tracks in their colour-luminosity diagram, as investigated by Muñoz-Darias et al. (2013) , and the observation of winds in high inclination sources. For more background on this inclination classification, we refer the reader to the extensive discussion in the main text and second appendix in Motta et al. (2015) .
The classification into low and high inclination sources is based on estimates of binary-orbit inclination. However, both Type-B and Type-C QPOs are thought to originate from the innermost accretion flow, which can be misaligned with the binary orbit. Hence, we adopt a broad classification, only identifying a source as either low or high inclination, instead of applying the precise estimates listed in Table 1 . In Section 4, we will discuss the effect of possible inner-disk misalignments and different inclination estimates in more detail.
For GRS 1915+105, we consider the same observations as Van den Eijnden et al. (2016) , which are specifically selected on type-C QPOs spanning a range in frequency from ∼ 0.5 to ∼ 8.0 Hz. No accurate estimates of the binary orbit inclination exist for this system. However, its relativistic jet has an inclination of 70 ± 2 o (Mirabel & Rodriguez 1994) . Assuming that any misalignment between the jet and the binary orbit axis is small, we thus classify GRS 1915+105 as a high inclination system. In Table 1 , we list our complete sample, including inclination estimates and classifications, and number of type-B and type-C QPO observations. In Appendix B, we list all analysed observations with corresponding QPO frequency and measured phase lag.
A small fraction of the observations in Motta et al. (2015) are not analysed in this work, for several reasons. In some cases, the QPO possesses a negligible rms amplitude at either the soft or hard energies. Alternatively, for some observations, the short exposure results in an inaccurate estimate of phase lags. In both cases, this leads to barely constrained phase lag values around the QPO fundamental and especially (sub)harmonic frequencies. In a minority of cases, we were unable to identify the QPO in the considered observation due to it possessing a low amplitude in all energy bands. In all three cases, we disregard these observations from our sample 1 .
Depending on the RXTE observation mode, we extract binned, event or GoodXenon lightcurves with a 1/128 s resolution in three energy bands: a full band from 2 to 13 keV, and a soft and hard band from 2 to 7 and 7 to 13 keV respectively. To account for gain changes in the Proportional Counter Array (PCA) detector, we select the absolute PCA channels most closely matching the aforementioned energy ranges for each observation individually. We calculate the power density spectrum (PDS) in the full band with a frequency resolution varying from 1/8 Hz to 1/64 Hz, in order to adequately sample the QPO peak while keeping the power uncertainties small. We apply an rms-squared normalisation (Belloni & Hasinger 1990 ) and fit the resulting Table 1 . Summary of the source sample, based on Motta et al. (2015) . Type-B and Type-C indicate the amount of analysed observations containing the respective QPO type. In addition to direct inclination estimates, the inclination classification is based primarily on lightcurve dips, as well as the presence of equatorial winds and the source's colour-luminosity track (Muñoz-Darias et al. 2013 PDS using XSPEC v12 2 with a model consisting of a constant white noise and a combination of Lorentzians to account for the BBN, the QPO fundamental and possible QPO (sub)harmonic.
To calculate phase lags, we determine the complex cross spectrum between the soft and hard band lightcurve and average the real and imaginary part over the considered frequency ranges. We then calculate the phase lag from this averaged cross spectrum, while we determine the errors through the raw coherence (see e.g. Uttley et al. 2014 , section 2). The cross spectrum at the QPO fundamental and (sub)harmonic are averaged over a symmetric range around the fitted Lorentzian centroid frequency with a width of the fitted FWHM. The BBN cross spectrum is averaged over the frequency range between 0.5 and 1.5 Hz, provided that both the QPO and subharmonic frequencies are larger than 2 Hz to ensure that the lags are not directly contaminated by the QPO. In this paper, following common convention, we define hard lags (i.e. hard photons lagging soft photons) as positive.
In addition to phase lags between a broad soft and hard band, we also calculate lag-energy spectra of the Type-C QPO: the Type-C QPO lag between narrow bands and a soft reference band, as function of energy. For this purpose, we extract lightcurves at the highest possible energy resolution given the observation's data mode. We calculate the cross spectrum between each narrow energy band lightcurve and the softest energy band lightcurve (generally between ∼ 2 and ∼ 3 − 4 keV, depending on the RXTE data mode), using the same method as detailed above (see Uttley et al. 2014 , for a more extensive description of this procedure). Subsequenctly, we average the real and imaginary part of the cross spectra at the QPO frequency range in each cross spectrum, calculate the QPO lag from this averaged cross spectrum, and plot the lag as a function of energy. As we will discuss in the next section, these lag-energy spectra show merely broad features. This shows that our selection of broad energy bands does not wash out any narrow lag features. Finally, for each Type-C QPO observation, we also calculate the difference between the QPO centroid frequency in the broad hard and soft band. We calculate the normalised PDS of the two broad energy band lightcurves, and fit the QPO frequency for each lightcurve using the multiLorentzian fit detailed above. We define the frequency difference ∆ν 0 as the QPO frequency in the hard band minus the QPO frequency in the soft band. When plotting this frequency difference, we rescale it by the QPO frequency in the full energy band ν 0 .
RESULTS
In Figures 1 and 2 , we show several examples of logarithmically rebinned lag-frequency spectra of observations showing Type-B and Type-C QPOs, respectively. The QPO fundamental phase lags are averaged over the grey frequency range. The lag at the QPO fundamental is clearly well constrained in this range, regardless of the amount of noise at surrounding frequencies. If present, (sub)harmonic fre- quencies are indicated with a vertical dashed line. These (sub)harmonic frequencies generally show larger uncentainties in the lags, due to the smaller amplitude of these features. In none of the shown Type-C observations is a (sub)harmonic present in the power spectrum. Generally, the Type-B lag-frequency spectra show larger lag uncertainties than Type-C lag-frequency spectra.
3.1 Type-C QPO fundamental lags Figure 3 summarizes the main result of this paper: we plot the Type-C QPO fundamental phase lag as a function of QPO frequency for all high (grey points) and low (black points) inclination BHXRBs. For plotting clarity, the high and low inclination lags are binned separately in logarithmic QPO frequency bins and plotted as the blue squares and red circles, respectively. The different markers in the unbinned datapoints represent different sources. All subsequent analysis has been performed on the unbinned data. Clear differences are present between the lag behaviour of low and high inclination sources: the dependency of the lags on QPO frequency appears mirrored around a marginally hard average lag: both samples possess a slightly hard lag at low QPO frequencies, at high frequencies high inclination sources turn to soft lags while lags in low inclination sources become harder. In Section 4, we will discuss the peculiar behaviour of GRO J1655-40, which shows no significant changes in lag as a function of QPO frequency, and the lag behaviour of the two sources of unclear inclination (XTE J1752+226 and MAXI J1543-564) . In addition, we will also discuss GRS 1915+105, which is the only source showing increasingly hard lags towards low (< 2 Hz) frequency. Plots of the Type-C QPO lags as a function of QPO frequency for each individual source are available in Appendix A.
To better understand the differences in phase lags between low and high inclination sources, we compare the calculated higher resolution lag-energy spectra for observations with a low (∼ 0.5 -1.5 Hz) and high (∼ 6 Hz) Type-C QPO frequency. In Figure 4 , we show representative lag-energy spectra for three low and three high QPO frequency observations. The plotted sources include low, high and undetermined inclination sources. For some lag-energy spectra, the uncertainties are relatively large as the QPO is not fully spectrally coherent between all energy bands (Vaughan & Nowak 1997) . The reference energy band for each observation (generally between ∼ 2 and ∼ 3 − 4 keV, depending on the RXTE data mode) is indicated by the softest energy range with zero phase lag.
At low QPO frequency (left panel), the lag-energy spectra of high and low inclination sources are shaped similarly, as expected based on the similar broad-band lags visible in Figure 3 . GRS 1915+105 however shows distinct behaviour at these low frequencies, as its broad-band QPO lag does not tend to zero but becomes increasingly harder. At high QPO frequency (right panel), the high and low inclination lag-energy spectra are opposite in sign but similar in shape, following a log-linear dependence on energy. The similarity in shape between high and low inclination sources at the same QPO frequency (barring GRS 1915+105 below 2 Hz) suggests that the underlying mechanism could be the same for hard and soft lags; in that scenario, the inclination is merely resposible for the sign and not the shape of the observed lag and lag-energy spectrum.
Hints of a break, well-known in GRS 1915+105 (Pahari et al. 2013) , are visible as well in the lag-energy spectra of several observations around an energy of 6-7 keV. The similarity of the break-energy to the 6.4 keV iron Kα line suggests that reflection might play a role in the origin of this break. Similarly, its presence could be related to the transition from the disk-dominated to the power-law-dominated region of the spectrum: Stevens & Uttley (2016) explicitly show that a similar break in the lag-energy spectrum of the Type-B QPO in GX 339-4 is explained by a difference in lag between the disk blackbody component and the power law component. Furthermore, the monotonic nature of the lag-energy spectra assures that the sign of the broad-band lags does not differs from the sign of the lag between any two narrow bands. 
Significance testing
The Type-C QPO phase lags show a clear difference between low and high inclination sources. However, the number of sources in our sample is quite small. Thus, we want to know how likely it is that the observed differences between low and high inclination could have arisen by chance. In other words, we want to test the null hypothesis that the Type-C QPO phase lags do not depend on the inclination of the source.
As our test statistic for the difference between phase lags in the two samples, we adopt the absolute difference between the error-weighted average phase lags of the samples:
where high and low indicate a sum over the high and low inclination observations, respectively. This test statistic offers a simple parameterization of any phase lag differences, without making any assumptions about the dependence on QPO frequency. Hence, it will also be applicable to the lags calculated in other frequency ranges.
We test our null hypothesis, that the Type-C QPO phase lags do not depend on source inclination, by redistributing the source inclinations and consequently recalculating D 10 4 times. We redistribute the source inclinations by appointing to each source a new inclination classification, drawn from the set of original classifications (5×low, 7×high) without replacement. We then estimate the p-value as the fraction of simulated D-values equal to or larger than the D-value of the observed data.
The resulting p-values are listed in Table 2 . As the Type-C QPO lags appear to show the same behaviour in all Table 2 . Summary of the significance tests of the inclination dependence of QPO lags. BBN refers to the frequency range 0.5-1.5 Hz, when no QPO/subharmonic is present below 2 Hz. S and NS refer to the significance/non-significance of the result at a confidence level of 1%. sources at low QPO frequency, we calculate two p-values: one for the full set of observations, and one with a minimum frequency cutoff of 1 Hz. At a confidence level of 99%, we reject our null hypothesis for the Type-C QPO lags with frequency cutoff. In addition, the Table includes p-values for various other frequency ranges -these will be discussed in the next sections.
Type-B QPO fundamental lags
As the Type-C QPO phase lags show a clear dependence on inclination, it is interesting to consider other frequency ranges and types of QPOs. Plots of these additional phase lag results are shown in there it refers to the QPO fundamental frequency. The binning, colors and markers of the datapoints are the same as in Figure 3 . The significance of any differences between the distribution of high and low inclination lags is listed in Table 2 .
same markers for the individual sources. Note that XTE J1817-330, which is not included in Figure 3 as there are no Type-C QPO observations of this source in our sample (see Table 1 ), is indicated in Figure 5 by the black squares. The lags in the upper four panels are plotted as a function of their associated frequency (i.e. QPO fundamental, harmonic or subharmonic frequency). The lower two panels (the BBN lags) are plotted against the QPO fundamental frequency, although all BBN lags are calculated in the same frequency range. For consistency, we have binned the lags in all panels in a similar fashion as for Figure 3 . However, in several panels (especially the top left and bottom right), the scatter in lags renders these bin averages physically uninteresting.
All statistical analysis and interpretations in this paper are based on the unbinned measurements. The Type-B fundamental lags are shown in the upper left panel. The lags do not reveal a dependence on inclination as clearly as the Type-C fundamental lags: as is shown in Table 2 , we cannot conclude that the Type-B fundamental lags depend on inclination at a 99% confindence level. However, this might be partially attributable to the smaller number of sources showing Type-B QPOs, and the larger uncertainties on the lags. The observed soft lags are dominated by high inclination sources, namely XTE J1550-564, H1743-322, MAXI J1659-152 and 4U 1630-47. These soft lags are unexpected, as the Type-B QPO classification as defined in Casella et al. (2005) states that the Type-B fundamental lags are hard. We will discuss this discrepancy further in section 4.3.
Harmonics and BBN
The remaining panels of Figure 5 show the phase lags at the Type-C harmonic, subharmonic and BBN, and at the Type-B harmonic and BBN. As stated earlier, the BBN lags are calculated over a frequency range from 0.5-1.5 Hz. We do not consider the Type-B subharmonic, as our sample did not contain significant detections of such a feature. The phase lags at the harmonic are predominantly soft and hard for the Type-B and Type-C QPO respectively, as expected based on the QPO Type-Characteristics listed in Casella et al. (2005) . Interestingly, the Type-C subharmonic phase lags show both hard and soft lags, with all soft lags observed in high inclination sources. Lastly, the BBN phase lags cover a wide range in values for both QPO types, without an apparent dependence on the QPO frequency.
Interestingly, as Table 2 shows, the BBN lags of the Type-C QPO depends significantly on inclination at a 99% confidence level. Although differences between the high and low inclination sample appear to be present in some other cases, especially at the Type-C subharmonic, the number of low inclination sources is too low to find a significant inclination dependence. It is however interesting to note that for the Type-C subharmonic, only high inclination sources show soft lags. Additionally, it is notable that the Type-C harmonic lags are remarkably constant for high inclination sources, while the lags in low inclination sources do show variations between sources.
Energy-dependent frequency differences of the Type-C Fundamental
In addition to the inclination dependence of the average phase lag, we also investigate the short-timescale evolution of the phase lag by measuring differences in Type-C fundamental frequency between the soft and hard band. We plot these frequency differences, divided by the QPO frequency itself, as a function of Type-C QPO frequency in Figure 6 , in a similar fashion to Figures 3 and 5. Again, we bin low and high inclination sources seperately for clarity, while plotting the unbinned data in black and grey, respectively. Low inclination source XTE J1748-288 is not included, as the error on the fitted QPO centroid frequency is too large to accurately determine frequency differences.
There is no immediately clear difference between high and low inclination sources, contrary to the average Type-C QPO phase lags. At low QPO frequency, few significantly non-zero frequency differences are present, as was known from earlier investigations (Qu et al. 2010; Li et al. 2013a,b) . At higher QPO frequencies, non-zero frequency differences become more prevalent, but due to large uncertainties, these are rarely significant. Hence, no clear difference can be found when grouping the sources as low and high inclination.
In order to investigate the presence of QPO frequency differences in more detail, we consider them for all individual sources, independent of inclination. For each source, we use a χ 2 -test to test whether the distribution of frequency differences is consistent with zero within the 99% confidence limit. This returns four sources with a significant relative frequency difference, which are shown in Figure 7 . The three high inclination sources (GRS 1915+105, XTE J1550-564 and H1743-322) were already known to show frequency differences (see respectively Qu et al. 2010; Li et al. 2013a,b) . The fourth source, with unknown inclination (XTE J1859+226), also shows clear non-zero frequency differences at high QPO frequencies. In addition, XTE J1752-223 (low inclination) shows marginally significant frequency differences (p = 0.02). However, we analysed only three Type-C observations for this source, so the significance of this result should be regarded with caution. No other low inclination sources show hints of significant frequency differences. In appendix A, we plot the frequency difference as a function of QPO frequency for each individual source.
DISCUSSION
In this paper, we present the results of a systematic, modelindependent analysis of the inclination dependence of QPO phase lags and frequency differences. We report the following two main results:
(1) the phase lag at the Type-C fundamental QPO frequency depends significantly on source inclination, both in sign and relation to QPO frequency, and (2) four sources (three high inclination and one undetermined inclination) show significant frequency differences in the Type-C QPO.
In this section, we will discuss and interpret all Type-C and Type-B results, the absence and presence of frequency differences, and the behaviour of several individual sources. In addition, we will also discuss the adopted inclination estimates.
Type-C QPO lags
For the Type-C QPOs, we conclude that phase lags at the fundamental and the BBN depend significantly on inclination. This finding is consistent with the result in Motta et al. (2015) that the amplitude of both the QPO fundamental and the BBN depend on inclination. Furthermore, we find that the phase lags at the harmonic are, with a handful of exceptions, hard -high inclination sources even show a remarkably constant lag as a function of QPO frequency, as was known for GRS 1915+105 (Pahari et al. 2013 ). Lastly, it is important to note that for the QPO fundamental, inclination does not suppress or magnify the value of the observed phase lags. Instead, the signs are completely flipped, while the amplitudes remain comparable. Any physical interpretation of these results should be able to explain this behaviour.
Calculating the cross spectrum between two lightcurves does not allow for the direct distinction between QPO and BBN lags. In the example Type-C QPO lag-frequency spectra (Figure 2 ), lag features are visible at other frequencies than only the QPO frequency; for instance, in the top-right lag-frequency spectrum (H1743-322), the QPO lag is located on the slope of a larger lag feature at lower frequency. In the remainder of this discussion, we will assume that the lag at the QPO frequency is dominated by the QPO itself. However, we note that the BBN might also influence the measured lags. The remainder of this discussion of Type-C QPO lags is divided into two parts, focussing on geometric and intrinsic models, respectively. Given the possible influence of BBN lags, and lack of detailed quantitative lag predictions in current QPO models, we merely discuss the general differences between the high and low inclination sources, such as Type-C QPO lag sign.
Geometric origin: Lense-Thirring precession
In this section, we consider a physical explanation in the context of the Lense-Thirring precession model, wherein the inclination dependence follows from differences in dominant general-relativistic effects on the observed flux along different lines of sight. In this interpretation, the lags themselves (independent of inclination) originate from spectral pivoting during each precession cycle. Ingram & Van der Klis (2015) , Ingram et al. (2016) and Stevens & Uttley (in prep.) use phase resolved spectroscopy of GRS 1915+105, H1743-322 and GX 339-4 respectively to show that the power law spectral index Γ oscillates as a function of Type-C QPO phase. Although QPO phases cannot be mapped directly onto precession phases, this implies that the hardness changes during a precession cycle. If the Γ variation peaks after the QPO flux peaks, this causes a soft lag at the QPO frequency, and vice versa. Making the assumption that the spectral pivoting as a function of precession phase is independent of source inclination, both the sign and size of the observed lag will simply depend on the QPO flux as a function of precession phase. Veledina et al. (2013) emission from different radii. The angle θ is the instantaneous inclination angle of the flow as seen by an observersmall θ corresponds to a face on precessing flow. The angle θ changes systematically during a precession cycle. Figure  8 shows that, for small radii, this has the opposite effect on the observed flux for low and high inclination sources: high inclination sources become brighter as θ decreases (cos θ increases), while for low inclination sources this effect is opposite. This differences arises due to differences in dominant relativistic processes: Doppler effects at low inclination versus solid angle effects at high inclination 3 . As mentioned earlier, the dependence of flux on precession phase could set both the sign and size of the observed QPO lag. Hence, this difference in dominant relativistic effects between inclinations could result in the observed inclination dependence of the Type-C QPO phase lag. As is visible in Figure 8 , this effect might become less important at larger radii, as the curve's maximum shifts to high values of cos θ and differences in relativistic effects become smaller (i.e. solid angle effects dominate for nearly all values of cos θ ). This might explain the similarity in the Type-C QPO lags at low QPO frequencies, which correspond to larger radii.
The origin of the QPO phase lags and their inclination dependence can be probed more accurately using detailed lag-energy spectra. At low QPO frequency, high and low inclination sources display similar lag-energy spectra, just as they show similar average lags. At high QPO frequency, low and high inclination sources still show similarly shaped lagenergy spectra, but of opposite sign. This similarity in shape is consistent with our proposed interpretation of the inclination dependence of the broad-band lags: the lags themselves always originate from the same mechanism (the pivoting power law), while the sign is set by only the inclination through relativistic processes. In this scenario, it is expected that the sign of the lag-energy spectra would change, but not the shape. At low QPO frequencies, GRS 1915+105 is an exception: its lag-energy spectrum is not flat but similar to low-inclination high-QPO-frequency lag-energy spectra, suggesting an additional source of lags. We will discuss this behaviour in Section 4.5.3.
Alternatively, Lense-Thirring precession could cause Type-C QPOs through diskoseismic models. In such models, QPOs arise from the oscillation modes of a thin accretion disk, excited in a general-relativistic potential (Kato & Fukue 1980; Wagoner 1999 ). Diskoseismic models are mostly used to explain the presence of HFQPOs. However, the lower-frequency Type-C QPOs could arise from corrugation modes: vertical oscillation of the disk , trapped in between its inner edge and the inner vertical resonance. The frequency of these oscillations matches the Lense-Thirring frequency at this inner vertical resonance (e.g. Tsang & Butsky 2013) .
The interpretation of the inclination-dependent Type-C QPO lags, discussed in this section, consists of two steps: the observed variation in spectral index Γ within QPO cycles, and the trade-off between relativistic effects in a vertically precessing ring viewed at different inclinations. The former is a model-independent phenomenon, while the vertical precession is present in diskoseismic models through the corrugation modes. However, one important difference should be noted: in diskoseismic models, the QPO originates from the disk instead of the inner flow, while the QPO is strongest in the spectral components originating in the inner flow (Sobolewska & Zycki 2006; Axelsson et al. 2013) . Hence, the precession-model by (Ingram et al. 2009 ) appears to match the Type-C QPO properties more generally than diskoseismic models.
The phase lags at the Type-C harmonic show a completely different behaviour than those at the fundamental. The difference between high and low inclination sources is not significant at a 99% confidence level, as the sample contains a relatively small number of low inclination observations. More importantly, the lags are clearly hard, with little dependence on QPO frequency. Thus, contrary to the fundamental, in our sample the inclination does not have an influence on the sign of the phase lags at the harmonic. This points to a difference in the exact physical mechanism creating the harmonic signal.
Using frequency-resolved spectroscopy, Axelsson et al. (2014) show that the spectrum of the harmonic is softer than both the spectrum of the funamental and the time-averaged spectrum. This indicates that the origin of the harmonic might be related to the thermal reprocessing and reflection of hard photons by the disk. Furthermore, Ingram et al. (2016) show that in H1743-322, several spectral parameters vary during each QPO cycle. However, these parameters show strong harmonic features (i.e. a second minimum and maximum) within each QPO cycle. This effect is interpreted as resulting from a precessing inner flow, which is inclined with respect to the disk and thus illuminates the disk on two sides: both the front and the back. In such an interpretation, this behaviour could also give rise to a harmonic at twice the QPO frequency. These results on the possible role of reflection in the harmonic tie in to our lag results, since the inclination of the disk with respect to the precessing inner flow is independent of the position of the observer. Hence, the position of the observer will not have a direct influence on the observed sign of the phase lag, as is the case with the fundamental. Instead, the lags might be set by the time difference between illuminating the receding and approaching side of the disk. In that scenario, red and blueshifting of the reflected harmonic could cause a lag that is independent of the observer's position.
Intrinsic origin
It is less intuitive to account for an inclination dependence of QPO properties in intrinsic models, such as accretion rate fluctuations in the disk (Tagger & Pellat 1999; Cabanac et al. 2010) or standing shocks in the accretion flow (Chakrabarti & Molteni 1993) . In such intrinsic models, although no quantitative lag predictions are made, the QPO lags could originate from different mechanisms. For instance, Comptonization, where photons from the disk are upscattered in the corona, creates lags compared to photons that are not upscattered. Alternatively, the propagation of accretion rate oscillations to regions of different temperatures can introduce energy-dependent lags. As we will detail below, these two mechanisms are not able to qualitatively explain either the size nor the inclination dependence of the Type-C QPO lags.
At a Type-C QPO frequency of approximately 5 Hz, we typically observe phase lags around ±0.5 rad. This corresponds to hard and soft time lags of approximately 16 ms. For such time lags to originate from Comptonization, the corresponding Comptonizing regions need to be unrealistically large: for a typical 10 Solar mass black hole, a light travel time of 16 ms corresponds to a distance of ∼ 160 r g (although the actual size of the corona will be smaller when the optical depth is high). Note that, as unscatteredánd scattered photons are present in both the hard and soft energy band, this distance is merely an absolute lower limit, while the actual distance is much larger.
Furthermore, to explain the inclination-dependent switch from soft (high inclination) to hard (low inclination) lags, the Comptonizing process needs to depend on inclination: at low inclination, inverse-Compton scattering should increase the energy of lagging photons, resulting in hard lags. Alternatively, at high inclination, regular Compton scattering, decreasing the photon energies, should take over and cause soft lags. While a coronal geometry resulting in such effects might be conceivable, this scenario would have large effects on the spectral appearance: high inclination sources should show systematically softer spectra. In fact, the opposite is the case: Heil et al. (2015) show that high inclination sources show harder spectra.
A similar argument holds for the propagation of oscillations in the disk. To account for an inclination-dependent lag in such models, the observed temperature gradient of the disk should depend on inclination: switching from an observed increasing temperature towards the black hole at low inclination (resulting in hard lags) to an observed decreasing temperature at high inclination (resulting in soft lags). However, since the inner regions should contribute more to the luminosity, this scenario would also result in systematically softer spectra at high inclination, opposite to the observed behaviour in Heil et al. (2015) . Thus, intrinsic models are not able to qualitatively explain the observed relation between Type-C QPO lags and inclination.
Recently, Dutta & Chakrabarti (2016) have suggested that the different hard and soft lags seen respectively in GX 339-4 and XTE J1550-564 for high QPO frequencies could be linked to their different inclinations. Their model invokes different relative contributions of inverse Compton scattering and lagging of disk and outer hot flow soft photons by light bending. However, to reproduce the observed lags, their model assumes that the disk is truncated at around 200 gravitational radii or larger: this large truncation radius is inconsistent with the strong, high temperature (up to 0.8 keV) disk blackbody component seen in the spectrum for the same QPO frequencies (e.g. Sobczak et al. 2000; Remillard et al. 2002) , which instead suggests a much smaller truncation radius, consistent with that expected from precession.
Inclination estimates
In our analysis, we have classified sources based on binaryorbit inclination. In this procedure, we have classified all sources showing absorption dips as high inclination. These absorption dips, occuring periodically for 10-30% of the orbit, are caused by a bulge at the interaction point between the disk and the companion star (White & Swank 1982) . Although dips were reported in low-inclination source 4U 1543-47 (Park et al. 2004 ), these are of a different nature: they occur on much shorter timescales than the orbital period (Orosz et al. 1998) . Similarly, ultra-luminous X-ray sources, such as NGC 5408 X-1, are known to show dips (Pasham & Strohmayer 2013) . However, as Grisé et al. (2013) show, these dips are not purely periodic, leaving it unclear whether they are linked to binary motion.
An important difficulty in the application of binaryorbit inclinations is the possibility of misalignment between the binary orbit and the inner disk. The QPO is thought to originate from the inner disk, and recent results strongly suggest that the Type-C QPO originates from precession around the black-hole spin axis (Ingram & Van der Klis 2015; Ingram et al. 2016; Motta et al. 2015) . For that reason, it is important to compare our binary-orbit inclination estimates with inner-disk inclination estimates. As such, we can check whether the binary orbit can indeed be applied as an accurate tracer of the inner-disk inclination.
Two methods of estimating this inner-disk inclination exist: measuring the inclination of the jet, and estimating the inclination of the inner disk through the iron Kα line in the reflected spectrum 4 . Of the fifteen sources in our sample, nine have such estimates of the inner disk inclination. Table 3 lists these nine sources, including the estimated innerdisk inclinations and the method of obtaining these inclinations. It is important to note that all sources for which the inner-disk inclination is accuretely determined, remain within the same inclination classification. For Swift J1753.5-01, the inner-disk inclination estimates appear to depend heavily on the spectral model, spanning a large range in fitted inclinations (Hiemstra et al. 2009 ). Hence, we do not reclassify it as either high or low inclination. However, this source shows no Type-C QPOs above 1 Hz, where the dependence of the Type-C QPO lags on binary-orbit inclination is observed.
It is not surprising that all sources with accurate innerdisk inclination estimates remain in the same inclination classification; as stated in Section 2, the broad classification into merely low and high inclination allows for a misalignment between the inner disk and the binary orbit. Although the sources with accurate estimates for both inclinations do show slight misalignments, these differences are not large enough to change any classifications.
We have repeated our statistical analysis of the dependence of the Type-C QPO lag on inclination, using the new inclination classification based on inner-disk inclinations (Table 3 ). This yields a slightly lower significance for observation with QPO frequencies above 1 Hz, with p = 0.0157. However, this slight decrease in significance is expected based on the decrease in number of sources and observations: none of the sources with observations above 1 Hz changes classification, but the number of sources decreases by one third from twelve to eight. In other words, Table 3 . Summary of the source sample based on inner-disk inclination estimates. The methods listed are R.R.: relativisticreflection spectrum modeling, and Jet: measuring the jet inclination. Ranges in inclination indicate inclination estimates based on different spectral models. A ∼ indicates that different spectral models result in inclinations close to the shown value. References for the inclination measures (2 nd column): [a] Morningstar & Miller (2014) Inner
XTE J1550-564 70.8
the lower significance appears not to follow from a lack of dependence on inclination but from a lack of data.
Type-B QPO lags
Despite apparent differences in Figure 5 , the Type-B fundamental phase lags do not show a dependence on source inclination at a 99% confidence level. Furthermore, these lags show a different dependence on QPO frequency than the Type-C lags. This adds to the evidence that the Type-B QPO arises from a different mechanism, (Motta et al. 2012; Fender et al. 2009 ), such as the precessing base of a jet (Motta et al. 2015; Stevens & Uttley 2016) . However, it is important to note that the data quality for the Type-B QPOs is less than for the Type-C QPOs: the uncertainties are larger and the number of observations and sources is smaller. If the Type-B QPO indeed originates from a jetbased mechanism, an inclination dependence in the phase lags might be expected. It is possible that the data quality in our analysis is simply too low to significantly detect such a dependence. The soft lags we observe in several high inclination sources are not expected based on the Type-B QPO classification as defined by Wijnands et al. (1999) and Casella et al. (2005) , which describes only hard lags in Type-B QPOs. We observe these unexpected lags in XTE J1550-564, H1743-322, 4U 1630-47 and MAXI J1659-152. From these sources, only XTE J1550-564 was included in the analysis of the original definition of QPO types. However, our sample of Type-B observations in XTE J1550-564 is more extensive than the original sample. Furthermore, Wijnands et al. (1999) define the fundamental QPO as the ∼ 3 Hz peak, while we define this as the subharmonic. Thus, it appears to be too simple to state that all Type-B QPO fundamentals have hard lags. Based on our results, these lags could be both hard and soft.
Broad-band noise
The phase lags of the BBN associated with the Type-C QPO (in the 0.5-1.5 Hz range) show a significant inclination dependence at the 99% confidence level, while those associated with the Type-B QPO do not. In both cases, the soft lags appear to be dominated by the high inclination sources. For Type-B QPO observations, marginally hard lags are seen in low inclination sources. For Type-C QPO observations however, hard lags are observed in both high and low inclination sources. For both the Type-B and Type-C observations, the BBN lag does not show any clear dependence on the QPO frequency (as is clearly present in for instance the Type-C QPO lag).
Existing results on the inclination dependence of the BBN are not in full agreement: Heil et al. (2015) find that the BBN, unlike the QPO, does not show a dependence on inclination. Motta et al. (2015) however show that the amplitude of the BBN associated with the Type-C QPO does depend on inclination. In comparing these results with ours it is important to note that Heil et al. (2015) analyse observations regardless of the presence of the QPO. Our results on the other hand are derived from observations selected on QPO type. The bias introduced by this selection might partially explain the inclination dependence observed for the Type-C BBN: if the physical origin of the QPO and BBN are related, the presence of a QPO might result in inclination dependent properties in the BBN. Alternatively, the BBN lags might simply be contaminated by QPO lags, despite our cut on QPO and subharmonic frequency.
Furthermore, the 0.5-1.5 Hz range is quite arbitrary, chosen merely for its relatively large BBN amplitude. Thus, we have repeated the analysis on the BBN lags averaged over the range 0.1-0.5 Hz in the same observations (i.e. those with no QPO or subharmonic below 2 Hz). As this range covers lower frequencies, possible contamination by the QPO lags is less likely. In this new range, no significant inclination dependence is present in both QPO types (Type-C: p = 0.0729, Type-B: p = 0.73), despite similar data quality. Thus, as the inclination dependence of Type-C BBN lags between 0.5-1.5 Hz appears to be closely related to the arbitrary frequency range, we do not draw general conclusions about the nature of the BBN associated with Type-C QPOs.
Individual sources
In our analysis, we have grouped sources into high, low or undetermined inclination and assumed that any significant differences in lag behaviour originate from differences in inclination. In this section, we will discuss two sets of individual sources: sources of undetermined inclination (XTE J1859+226 and MAXI J1543-564) and sources that do not follow the standard trend in Type-C fundamental lags as function QPO frequency (GRO J1655-40 and GRS 1915+105).
XTE J1859+226 and MAXI J1543-564
For both XTE J1859+226 and MAXI J1543-564, no definite classification into low or high inclination could be determined. Thus, both sources where excluded from the comparison between the high and low inclination samples. In Figure   9 , we plot the Type-C QPO phase lag as a function of QPO frequency for these two sources. XTE J1859+226 clearly follows the same trend as the high inclination sources. Due to the small number of observations and larger uncertainties, the MAXI J1543-564 lags are less evident. However, the lags are clearly soft, consistent with the high inclination sample. Based on the QPO and noise amplitudes, Motta et al. (2015) also found that XTE J1859+226 and MAXI J1543-564 are most consistent with a high inclination. The clear presence of QPO frequency differences in XTE J1859+226 (Figure  7 ), previously only found in three high inclination sources, reinforces the interpretation that XTE J1859+226 is indeed a high inclination source.
GRO J1655-40
The high-inclination source GRO J1655-40 does not seem to show any significantly non-zero phase lags at the Type-C QPO frequency. To demonstrate this, we plot these phase lags versus QPO frequency, together with all other high inclination sources in grey, in Figure 10 ; GRO J1655-40's behaviour is clearly distinct from the other sources above approximately 1 Hz. However, we emphasize that the reported inclination dependence remains significant despite the presence of GRO J1655-40 in our high inclination sample. Despite this note, and given the remarkable timing properties of this source in general, it is interesting to discuss the possible origin of its distinct lag behaviour.
Recently, reported the detection of a hypersoft state in GRO J1655-40, which is interpreted as the sign of a slim disk. As jet measurements indicate an extremely high inclination for its inner disk (85 o , Hjellming & Rupen 1995) , the inner accretion flow is possibly obscured by the slim disk. This obscuration could, in the Lense-Thirring precession model, lead to the QPO variations being dominated by quasi-periodic variations of the covering fraction of the inner flow by the slim disk, leading to simple flux variations without corresponding spectral changes that produce the lags. Such a scenario would also account for the other lags measured for GRO J1655-40, which are consisent with zero as well. In addition, it can account for the differences between GRO J1655-40 and GRS 1915+105: while both show remarkable timing properties, and possibly accrete at high rates (Neilsen et al. 2016) , the inclination of GRS 1915+105 is less extreme (70 o , Mirabel & Rodriguez 1994) . Thus, in GRS 1915+105, nonzero lags are observed as the inclination is not high enough to obscure the inner flow.
GRS 1915+105
GRS 1915+105 was not considered by Motta et al. (2015) and Heil et al. (2015) , as it does not follow a standard q-shaped hardness-intensity diagram and possesses unique timing properties (Belloni 2010) . We have included this source in our sample, both because of the peculiar loglinear dependence of QPO phase lag on QPO frequency, and the clear presence of QPO frequency differences. Removing GRS 1915+105 decreases the signifance of the inclination dependence of the Type-C QPO phase lag: the p-value with the 1 Hz cut increases to p = 0.0138. This is both the result of the small uncertainties on the QPO phase lags in GRS 1915+105, and most importantly the small number of sources in our sample. Hence, removing a source with relatively many, well-constrained lag measurements has a clear impact on the significance of the inclination dependence. In fact, the removal of any source with at least as many Type-C QPO observations as GRS 1915+105 results in similar decreases in significance. In other words, the higher p-value appears to follow from the smaller sample size.
We find that, while the frequency differences are present in a selection of other sources, the log-linear phase lag behaviour is not seen in any other source. This is especially interesting towards the lowest QPO frequencies, where all other sources tend to zero phase lags, while the hard phase lags in GRS 1915+105 continue increasing. In our interpretation of the inclination dependence, this corresponds to a process where the flux increases as the precessing flow increases its inclination. For low inclination sources, at high QPO frequency, we suggested that this process could be caused by Doppler effects. However, this is less expected at the lower QPO frequencies where the QPO lags in GRS 1915+105 are hard, as this corresponds to a larger truncation radius. This is also shown by the model of Veledina et al. (2013) : our sketch of their results (see Figure 8) shows that the influence of these Doppler effects becomes less prominent for precessing rings of larger radii.
An alternative interpretation is proposed in Van den Eijnden et al. (2016) through differential precession. GRS 1915+105 is the only known source showing negative frequency differences (for QPO frequencies below 2 Hz) (Qu et al. 2010; Yan et al. 2012 ). In the differential precession model, this is interpreted as a QPO frequency that increases towards the inner radius, spectrally weighted by emission that becomes softer towards smaller radii. In this model, hard lags could correspond to the average lag of the slower precessing, harder regions with respect to the faster precessing, softer regions. This interpretation could explain why only GRS 1915+105 shows hard lags at low QPO frequencies, as it is the only source showing negative frequency differences. However, why the hardness would decrease towards smaller radii for low QPO frequencies only in GRS 1915+105, remains unanswered.
The log-linear dependence of QPO phase lag on frequency, including a sign change, was first reported by Reig et al. (2000) . There, the change in lag sign was interpreted as the result of a change in optical depth of the Comptonizing region: a low optical depth, assumed to be present at lower count rates and thus low QPO frequency, results in a hard lag. Higher optical depths, present at high count rates i.e. high QPO frequency, lead to a soft lag. This scenario does not assume a specific model for the QPO, and hence would be consistent with geometric QPO models. However, the difference with other high inclination sources, not showing hard lags, is not directly accounted for.
QPO frequency differences and differential precession
We observe a significant non-zero frequency difference ∆ν 0 in four out of fifteen sources in our sample. In all cases, the trend as a function of QPO frequency is comparable, with a sudden increase in ∆ν 0 /ν 0 at the highest QPO frequencies (> 6-7 Hz). As already stated, three of these sources (GRS 1915+105, XTE J1550-564 and H1743-322) are high inclination. As discussed in Section 4.5.1, the fourth source, XTE J1859+226, shows very similar Type-C QPO lag behaviour to the high inclination sample. No low inclination source shows a non-zero ∆ν 0 ; XTE J1650-500 for instance covers the same range in QPO frequencies and phase lags (with opposite sign) as XTE J1859+226, while its ∆ν 0 does not show non-zero values 5 . This is not due to the size of the uncertainties in XTE J1650-500 -these are much smaller than many of the observed non-zero values of ∆ν 0 in other sources.
In the high inclination source sample, three sources do not show significant frequency differences: GRO J1655-40, 4U 1630-47 and MAXI J1659-152. As discussed in section 4.5.2, the timing properties of GRO J1655-40 might be significantly influenced by the presence of a slim disk. In the latter two sources, the lack of frequency differences could simply result from the data quality: for 4U 1630-47, only few QPO observations, with large phase lag uncertainties, are analysed. In MAXI J1659-152, the QPO frequency barely passes 7 Hz, after which most non-zero frequency differences in other sources are observed. Hence, despite the lack of a clear inclination dependence, the frequency difference might only be observable in high inclination sources. The analysis of new transient BHXRBs or outbursts is thus vital to investigate this further.
Analysing ∆ν 0 sheds light on the short-time-scale evolution of phase lags in Type-C QPOs. Such lag evolution was reported by Van den Eijnden et al. (2016) in GRS 1915+105 and interpreted as a sign of differential precession of the inner accretion flow. In this interpretation, different radii in the inner flow precess at different rates, resulting in the gradual build-up of a warp over the course of 5 − 10 precession cycles. This warp in turn destabalises the precession, leading to the decoherence of the QPO. This process results in the presence of an enveloping structure (coherent intervals) in the QPO amplitude, in which the phase lag systematically increases, and might be related to the Q-factor and quasiperiodic nature of QPOs. Although not all sources show a significant ∆ν 0 , the coherent intervals appear to be present in all sources, as expected in this interpretation: even if no ∆ν 0 is observed, the precession is still destabilised by the its differential nature.
We measure ∆ν 0 as a probe of this effect, as the actual measurement of evolving phase lag requires too high a signal-to-noise to be applicable to all sources in our sample. This approach thus assumes that the link between differential precession and phase lag evolution is generally applicable to BHXRBs. A more problematic downside of this method is that the observed ∆ν 0 is not a direct proxy of the intrinsic difference in precession rate between different radii in the inner accretion flow: we can only observe the spectrally weighted ∆ν 0 . If each radius emits with the same spectral shape, all energy bands will consist of the same weighted combination of precession frequencies. Thus, no ∆ν 0 will be observed.
As any observed ∆ν 0 is always spectrally weighted, investigating its inclination dependence could provide further information on the emission processes of the differentially precessing flow. If frequency differences are indeed only visible in edge-on sources, this would imply that the inner flow's spectral appearance in edge-on sources generally differs more at different radii than in face-on sources. This could for instance result from differences in the amount of scatterings between different inclinations: in face-on sources, photons received from all radii have scattered approximately the same amount of times. In edge-on sources, the innermost regions might be more obscured. As a result, photons from the smallest radii have scattered more, resulting in a harder observed spectrum from these smaller radii. To test such a scenario, it is important to test the hypothesis that Type-C QPO frequency differences are only visible at high inclination, in a new sample of sources.
CONCLUSIONS
In this paper, we present the results of a systematic investigation of the inclination dependence of both phase lags and QPO frequency differences in BHXRBs. We conclude that (i) the Type-C QPO lag depends clearly on source inclination, both in sign and behaviour as a function of QPO frequency,
(ii) The Type-B QPO lag does not depend significantly on source inclination, but shows distinct behaviour as a function of QPO frequency compared to the Type-C QPO, (iii) the Type-C BBN lags show a dependence on inclination, but no clear dependence on QPO frequency, (iv) four BHXRBs show a difference in Type-C QPO frequency between the hard and soft band, none of which are of low inclination, (v) XTE J1859+226, and to a lesser extent MAXI J1543-564, are consistent with being high inclination sources.
These results provide a clear indication that both the Type-B and Type-C QPOs originate from two distinct geometric processes, consistent with recent results. It is important that the inclination-dependence hypothesis, both for the lags and QPO frequency differences, will be tested in the future in new sources and/or outbursts. The Type-C QPO lags show a very clear and simple difference between high and low inclination: the sign of the phase lag. Hence, this will be easy to test with observations of new black hole transients which show Type-C QPOs above a few Hz and for which the inclination can be determined. Furthermore, systematically investigating energy-dependent frequency differences in the Type-C harmonic or Type-B fundamental could provide new insights in the differences between QPO types and harmonics. QPO frequency difference ∆ν 0 . (Sub)harmonic lags are only shown when a (sub)harmonic is fitted in the power spectrum. Missing QPO lags, BBN lags or frequency differences indicate that this the uncertainty in the determination of this value was too large due to low signal-to-noise.
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